Thylakoid membranes, derived from chloroplasts, have previously been shown to retard fat digestion and lower blood glucose levels after oral intake. The purpose of the present study was to investigate the effect of thylakoid membranes on the passage of methyl-glucose, dextran and ovalbumin over rat intestine in vitro using Ussing chambers. The results show that thylakoids retard the passage of each of the test molecules in a dose-dependent way. The thylakoids appear to be attached on the mucosal surface and a mechanism is suggested that the thylakoids delay the passage of the test molecules by sterical hindrance. The present results indicate that thylakoid membranes may be useful both to control intestinal absorption of glucose and to enhance the barrier function of the intestine.
. Management of hyperglycaemia relies mainly on the reduction of dietary carbohydrate intake, the use of low-glycaemic instead of high-glycaemic carbohydrates and the use of hypoglycaemic agents that stimulate the uptake of glucose from the blood into peripheral cells. After digestion of dietary carbohydrates, glucose is taken up through the apical brush-border membrane of the epithelial intestinal cells, mainly by the sodium-glucose-linked transporter-1, to the enterocyte (3) . Control of the intestinal absorption of glucose would help to regulate levels of glucose and is the subject of various strategies to improve glucose homeostasis.
In previous work we have demonstrated that thylakoids, i.e. chloroplast membranes from green leaves, retard fat digestion both in vitro and in vivo (4) . This retardation in turn stimulates the release of satiety hormones, such as cholecystokinin (4, 5) and leptin (6) , while reducing the hunger hormones ghrelin and insulin (6) . The long-term effect of thylakoid administration was thus a reduced food intake and body weight, as demonstrated both in mice (5) and in rat models (4) . To our surprise, a reduction in blood glucose levels after oral administration of thylakoids was also observed (5) .
The uptake of glucose into the intestinal cell is influenced by several factors. Most importantly, glucose itself regulates its uptake by stimulating the expression of the GLUT (7) .
Thus carbohydrate-rich food stimulates an increased uptake of glucose in the intestine, while carbohydrate-depleted food, such as high-fat diets, reduce the uptake of dietary glucose. In addition, several gut hormones influence the glucose uptake in the intestine. The hunger hormone ghrelin has been shown to stimulate the uptake of glucose, while cholecystokinin (8) , leptin (9) and resistin (10) inhibit the uptake of glucose. Since thylakoids stimulate the release of cholecystokinin and leptin (6) , it may well be that the observed reduction in blood glucose levels were an effect of these hormones. Another explanation could be that thylakoid membranes have a direct effect on glucose uptake, by interacting with the intestinal absorptive surface. In order to address the question why blood glucose levels after the intake of thylakoid-enriched food was reduced, we set up an experiment where the methyl-glucose uptake was studied in vitro, both in the absence and the presence of thylakoids, using intestinal segments from rats mounted in Ussing diffusion chambers (11) . This method is used both in physiological and pharmacological contexts, where an † Contributed equally to the scientific research and report.
intestinal tissue sheet is mounted between two buffer-containing chambers, and the passage of molecules through the tissue from one chamber to the other is measured (12) . In addition to methyl-glucose, the passage of the macromolecules fluorescein isothiocyanate-labelled dextran (FITC-dextran) and ovalbumin was examined.
We observed a reduced uptake of methyl-glucose through the intestinal wall in the presence of thylakoid membranes in vitro. The reduced uptake appears to be a general phenomenon since also the passage of FITC-dextran and ovalbumin was decreased in the presence of thylakoids.
Materials and experimental methods

Materials
Fresh baby spinach leaves (Spinacia oleracea) were donated by SABA Fresh (Helsingborg, Sweden). Sprague-Dawley rats were obtained from Taconic M & B A7S (Ry, Denmark) and the Rat and Mouse Autoclavable Diet from B & K Universal AB (Sollentuna, Sweden). Oleic acid (18 : 1n-9) was obtained from Merck Chemicals (Darmstadt, Germany). Sodium dodecylsulfate (NaTDC), FITC-dextran, ovalbumin-antiserum (A6075), purified ovalbumin (A5503), trypsin type VI from bovine pancreas (lyophilised powder) and phenylmethylsulfonylfluoride were obtained from Sigma-Aldrich (St Louis, MO, USA). Methyl-D glucose ([ 
Preparation of thylakoids
Thylakoid membranes were prepared from fresh baby spinach leaves (13) by mixing the leaves with homogenising buffer (50 mM-phosphate buffer (pH 7·4)-5 mM-MgCl 2 -300 mM-sucrose) for 5 min until a homogeneous slurry was obtained. The slurry was filtered through four layers of 20 mm monodur polyester mesh, and centrifuged (2000 g; 15 min; 48C). The centrifugation step was repeated four times; the pellet was re-suspended in the homogenising buffer the first time, blast media (5 mM-MgCl 2 ) for osmotic lysis the second time and washing media (10 mM-tricine-5 mM-MgCl 2 -300 mMsucrose; pH 7·4) the final two times (13) . As a final step, the pellet was dispersed in a glass/Teflon potter Elvehjem homogeniser until a homogeneous slurry of thylakoid membranes was obtained.
The concentration of thylakoids was expressed as mg chlorophyll/ml (chl/ml) and determined by the method of Porra et al. (14) (using an Ultrospec 2000 spectrophotometer, Pharmacia Biotech, Uppsala, Sweden). As calculated from Flores et al. (15) , 1 mg chlorophyll corresponds to about 12 mg thylakoids. Trypsin-treated thylakoid membranes were obtained by incubating thylakoids with 1 mg/ml trypsin for 2 h (378C). The activity of trypsin was then inhibited by 1 mM-phenylmethylsulfonylfluoride followed by a washing step (16) . By this treatment, trypsin targets specific sites and remove external proteins on the thylakoid membrane surface.
Animals
The present study was performed on female rats of the Sprague -Dawley stock (Mole: SPRD Han), conventionally bred under a controlled environment (20^18C, 50^10 % relative humidity; 12 h light -12 h dark cycle). The rats were housed five per cage on chopped wood bedding in polycarbonate cages and with free access to tap water and a pelleted breeding chow. The study was approved by the Lund University Ethical Committee for Animal Experiments and conducted according to the European Community regulations concerning the protection of experimental animals.
Ussing experiments and analyses
A total of eight female rats (220 -280 g) were anaesthetised in the morning with isoflouran. Then the proximal and distal parts of the small intestine were collected, rinsed and immediately immersed in modified room temperature Krebs buffer (0·1 M-NaCl -3 mM-CaCl 2 -5·5 mM-KCl -14 mM-KH 2 PO 4 -29 mM-NaHCO 3 -5·7 mM-sodium-pyruvate-7 mM-sodium fumarate -5·7 mM-sodium glutamate -13·4 mM-glucose; pH 7·4) oxygenated with carbogen (O 2 -CO 2 , 95:5, v/v). The intestine was cut in 3 cm sections, opened along the mesentery and pinched to the nails of the pre-heated (378C) Ussing half-cell (17) (Precision Instrument Design, Los Altos, CA, USA), modified in accordance with Grass & Sweetana (17) . The half-cell was connected to another half-cell, and thus the arrangement had two sides: one facing the mucosal side of the intestine and the other facing the serosal side, with an exposed intestinal area of 1·78 cm 2 . The Ussing chambers were each filled with 5 ml Krebs buffer, kept at 378C and connected to a carbogen supply. All intestinal segments were mounted in the chambers within 30 min after the intestine was collected. The intestinal segments were considered viable for a minimum of 2 h after mounted in the chambers (18) . At the start of the experiment, the buffer was exchanged to fresh buffer in the serosal half-cell, and test solution in the mucosal half-cell. The test solution (5 ml) consisted of modified Krebs buffer supplemented with oleic acid (18 : 1n-9; 5·07 mM), NaTDC (5·2 g/l) and the marker molecules methyl-D glucose, [ and ovalbumin (45 000 Da, 25 g/l). Thylakoid membranesboth non-treated and treated with trypsin -were also added to the test solution to obtain final concentrations of 1·2, 2·9 and 5·8 mg chl/ml. Serosal samples of 1 ml were collected every 20 min during 120 min, with replacement of the sampled volume by fresh buffer. The amount of radiolabelled methyl-glucose in 0·5 ml serosal samples was measured in a beta counter (Scint TriCarb Liquid Scintillation Analyzer 2100TR; PerkinElmer), after mixing the serosal sample with 5 ml liquid scintillation cocktail. FITC-dextran was quantified by fluorescence spectrophotometry (CytoFlourTM 2300; Millipore Corp., Bedford, MA, USA) at an excitation wavelength of 480 nm and an emission wavelength of 520 nm, where FITC-dextran dissolved in modified Krebs buffer was used as standard. Quantification of ovalbumin was performed by electro-immunoassay (19) using a specific antiserum to ovalbumin (A6075) with purified ovalbumin (A-5503) as standard.
Following every experiment, a sample from the serosal half-cell was collected and analysed for chlorophyll content to investigate a possible thylakoid migration through the intestinal wall.
Binding of thylakoids to the intestinal wall
Samples of intestine exposed to thylakoid membranes (2·9 mg chl/ml), in the same test solution as in the Ussing experiments, were collected after 120 min of incubation in the Ussing chambers and then washed with water to remove non-adsorbed thylakoids. The washed intestinal samples were mounted on a gel in a petri dish and covered with 3 ml 80 % acetone and incubated on ice for 20 min on a shaker to extract the chlorophyll. The mucosa of the intestine was removed and collected in test-tubes, together with its surrounding acetone, and incubated for another 10 min on ice before being centrifuged (19 000 g; 5 min; 48C). The chlorophyll in the supernatant fraction was determined.
Photographs
Intestinal samples exposed to thylakoid membranes (2·9 mg chl/ml) during the 120 min of incubation in the Ussing chambers were photographed (Nikon Coolpix S3000; Kanagawa, Japan).
Electron microscopy
Intestinal segments incubated for 120 min in the Ussing chambers in the absence of oleic acid and NaTDC but with thylakoid membranes (2·9 mg chl/ml) were fixed with 2·5 % glutaraldehyde in 0·15 M-cacodylate buffer and embedded in Epon, and finally stained in 3 % (v/v) uranyl acetate and lead citrate.
Interaction between marker molecules and thylakoids
The test solution of modified Krebs buffer supplemented with thylakoids (5·8 mg chl/ml), oleic acid (18 : 1n-9; 5·07 mM), NaTDC (5·2 g/l) and the marker molecules methyl-D glucose ([ of radiolabelled methyl-glucose in 50 ml of the supernatant fraction was measured in a beta counter (1414 Liquid Scintillation Counter; Wallac Guardian, PerkinElmer), after mixing the samples with 5 ml liquid scintillation cocktail. FITCdextran in the supernatant fraction was quantified as described above. Quantification of ovalbumin in the supernatant fraction was analysed by measuring absorption at 280 nm using a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
Calculations
The uptake of methyl-glucose was determined as the percentage that had passed through the intestinal segment at indicated time points, by means of the formula:
where c i represents the concentration of the marker molecule present in the serosal half-cell (M) and c 0 represents the initial concentration of the same marker molecule in the mucosal half-cell (M) (18) . The apparent permeability coefficient (P app ) was calculated for the macromolecules FITC-dextran and ovalbumin by means of the formula:
where dc/dt represents the change of serosal concentration in the 60 to 120 min period (M/s), V the volume in the half-cells (cm 3 ), c 0 the initial marker concentration in the mucosal half-cell (M), and A the area of exposed intestine in the Ussing chamber (cm 2 ) (18) .
Statistics
All data were normally distributed. The Student's t test (unpaired comparison) was used for the statistical analyses for the passage, permeability and affinity to thylakoids, for all marker molecules (at a constant time). All data are expressed as mean values with their standard errors and differences were considered significant when P, 0·05 was reached.
The kinetics of glucose passage (uptake of methyl-glucose) over time (0 to 120 min) at the different levels of added thylakoids was evaluated by area under the curve (AUC) analysis. AUC was calculated for each experiment by numerical integration using the trapezoidal rule method. The effect of the thylakoid concentration (dose) on the level of passage over time AUC was evaluated for significance using a Student's t test to determine at what doses gave significantly different responses in glucose passage. In this way we can include the kinetic and dose-dependent effects.
Results
Uptake of methyl-glucose
The passage of methyl-glucose through the rat intestinal segments increased during 120 min of incubation in Krebs buffer (without the addition of thylakoid membranes) in the Ussing diffusion chambers. In the presence of thylakoids (1·2, 2·9 and 5·8 mg chl/ml) the uptake of methyl-glucose was significantly reduced in a dose-dependent way (Fig. 1) . When considering the kinetic response by calculating the AUC, all concentrations of thylakoids had a significantly lower uptake of methyl-glucose (P, 0·005) than the control. The differences among the concentrations were significantly different between 1·2 and 2·9 mg chl/ml (P, 0·05), between 1·2 and 5·8 mg chl/ml (P, 0·0·01) but not significantly different between 2·9 and 5·8 mg chl/ml, indicating perhaps a certain degree of saturation. Moreover, exposure to trypsin-treated thylakoids resulted in an even stronger reduction of the methyl-glucose uptake compared with the non-treated thylakoids, although only statistically significant at the concentration level of 5·8 mg chl/ml (P, 0·01) (Fig. 2) .
By calculating the apparent permeability coefficient (P app ) it was shown that the transmucosal transport of methyl-glucose was significantly decreased in the presence of thylakoids ( Fig. 3(a) ). The presence of thylakoids at 1·2 mg chl/ml gave an initial strong reduction in permeability (63·0 % of baseline; P, 0·001). The permeability was further significantly reduced both in the presence of thylakoids at 2·9 mg chl/ml (43·5 % of baseline; P,0·001) and at 5·8 mg chl/ml (41·5 % of baseline; P, 0·001) ( Fig. 3(a) ). Trypsin-treated thylakoids reduced the permeability even more (Fig. 3(a) ), with a significantly reduced permeability of methyl-glucose in the presence of thylakoids at 5·8 mg chl/ml (24·8 % of baseline; P,0·01), as compared with non-treated thylakoids of the same concentration.
Macromolecular permeability
The macromolecular transmucosal passage over the rat intestinal segments increased in the absence of thylakoid membranes in the Ussing chambers during 120 min (data not shown). In the presence of thylakoid membranes, the permeability for FITC-dextran was significantly reduced in a dose-dependent way (Fig. 3(b) ). Incubation with thylakoids at 1·2 mg chl/ml resulted in a reduced permeability (64·6 % of baseline; P,0·01) for FITC-dextran. In the presence of thylakoids at 2·9 mg chl/ml the permeability was reduced even further (37·8 % of baseline; P, 0·001) followed by a plateau ( Fig. 3(b) ). In the presence of thylakoids at 5·8 mg chl/ml no further reduction in permeability could be seen (35·0 % of baseline; P, 0·001) ( Fig. 3(b) ). Trypsin-treated thylakoids reduced the permeability of FITC-dextran to about the same extent as non-treated thylakoids, with an initial significant reduction, compared with non-treated thylakoids (P, 0·05).
Also, the permeability for the protein marker, ovalbumin, was reduced in a dose-dependent way in the presence of thylakoids (Fig. 3(c) ). The permeability was significantly reduced in the presence of thylakoids at both 2·9 and 5·8 mg chl/ml (55·4 % of baseline, P, 0·01; and 65·0 % of baseline, P,0·01) (Fig. 3(c) ). In the presence of trypsin-treated thylakoids the permeability was decreased in the same dosedependent way as was observed for FITC-dextran (Fig. 3(c) ).
Trans-intestinal migration
Analyses of the chlorophyll content in the serosal half-cell after 120 min of incubation in the Ussing chambers showed that no thylakoid membranes had migrated over the intestinal wall.
Binding of thylakoids to the mucosa
After termination of the incubations, all half-cells were dismantled and the exposed intestine was investigated. Intestinal samples incubated with thylakoids visually displayed a green 14 C]methyl-glucose over the rat intestine at 120 min in Ussing diffusion chambers (percentage of amount added to the mucosal half-cell) in the absence of thylakoid membranes (0 mg chlorophyll/ml (chl/ml); n 8) and in the presence of three different concentrations of thylakoid membranes (1·2, 2·9 and 5·8 mg chl/ml; n 2). The rat intestinal segments were incubated both with thylakoid membranes not treated with trypsin (-K-) and thylakoid membranes treated with trypsin (--A--). Values are means, with their standard errors represented by vertical bars. Incubation with thylakoid membranes at 2·9 and 5·8 mg chl/ml (both non-treated and treated with trypsin) resulted in a significant dose-dependent reduction of mucosa to serosa passage of methyl-glucose, as compared with control (P, 0·01). Comparison of nontreated thylakoid membranes and trypsin-treated thylakoid membranes resulted in a significant reduction of passage of methyl-glucose only in the presence of thylakoid membranes at 5·8 mg chl/ml (P,0·01). ]methyl-glucose over the rat intestine in Ussing diffusion chambers (percentage of the amount added to the mucosal half-cell). The rat intestinal segments were incubated in the absence of thylakoid membranes, i.e. control (-W-; n 8), and in the presence of three different concentrations of thylakoid membranes (-K-, 1·2 mg chlorophyll/ml (chl/ml); -£ -, 2·9 mg chl/ml; -A-, 5·8 mg chl/ml; n 2). Values are means, with their standard errors represented by vertical bars. At 120 min, the presence of thylakoid membranes, at all concentrations, resulted in a significant reduction in uptake, as compared with control (1·2 mg chl/ml v. control, P, 0·01; 2·9 mg chl/ml v. control, P,0·001; 5·8 mg chl/ml v. control, P,0·001).
layer completely covering the mucosal side, a layer that could not be washed away (Fig. 4) . The serosal side of the intestine, i.e. the side not exposed to thylakoids, did not appear affected in any way (Fig. 4) . Electron micrographs of the intestinal segments exposed to thylakoid membranes without oleic acid and NaTDC showed stacked thylakoid membrane structures attached to the mucosa covering the microvilli (Fig. 5) .
Extraction of the chlorophyll from the bound thylakoids showed that 0·22 % of the added thylakoid membranes (2·9 mg chl/ml) were bound to the mucosal side after 120 min of incubation in the Ussing chambers.
Interactions between marker molecules and thylakoids
All three marker molecules were found to bind at various degrees to the thylakoid membranes ( Fig. 6(a) -(c) ). FITCdextran had the highest affinity for the thylakoid membranes; 22 % (P, 0·001) was found to bind to the thylakoid membranes followed by methyl-glucose and ovalbumin (17 % (P,0·001) and 12 % (P,0·001), respectively).
Discussion
In the present study we showed that thylakoid membranes substantially decrease the passage of methyl-glucose as well as decrease the permeability for the macromolecules FITCdextran and ovalbumin over the rat intestine in vitro by using Ussing chambers. The thylakoids were also found to be strongly bound to the mucosal side of the intestine.
We propose that the mechanism behind this decrease of uptake by thylakoids is their binding to the mucosa surface (Figs. 4 and 5) , thereby hindering the transport of marker molecules to the mucosa. This is based on the properties of the thylakoid membrane: in the chloroplast the thylakoid membrane forms a three-dimensional network of double membranes enclosing between them the lumen and separating it from the surrounding stroma of the chloroplast (20 -22) .
Thylakoid membranes contain a large number of intrinsic, i.e. membrane spanning, proteins. Their structure has been determined with high resolution (23) . The proteins, together with their tightly bound pigments, carotenoids and Thylakoids (mg chl/ml) Fig. 3 . Apparent permeability coefficient (P app ) calculated from the transmural passage of methyl-glucose, fluorescein isothiocyanate-labelled dextran (FITCdextran) and ovalbumin between 60 and 120 min, obtained in presence of different concentrations of thylakoid membranes (0, 1·2, 2·9 and 5·8 mg chlorophyll/ml (chl/ml)). The rat intestinal segments were incubated with thylakoid membranes not treated with trypsin ( -K-), or treated with trypsin (--A--). The value 100 % represents P app without any thylakoid membranes present. Values are means, with their standard errors represented by vertical bars. (a) P app (% of baseline) for methyl-glucose (190 Da). Incubation with both non-treated thylakoids and thylakoids treated with trypsin resulted in a significant dose-dependent reduction in permeability (P, 0·01) as compared with control (0 mg chl/ml), with the exception of trypsin-treated thylakoids at 1·2 mg chl/ml, which were not significantly reduced compared with control. Comparison of non-treated thylakoid membranes and trypsin-treated thylakoid membranes resulted in a significant reduction in permeability for methyl-glucose only in the presence of thylakoids at 5·8 mg chl/ml (P, 0·01). (b) P app (% of baseline) for the carbohydrate marker FITC-dextran (4000 Da). Incubation with both non-treated thylakoids and trypsin-treated thylakoids resulted in a significant dose-dependent reduction in permeability (P, 0·05) as compared with control (0 mg chl/ml). Comparison of non-treated thylakoid membranes and trypsin-treated thylakoid membranes resulted in a significant reduction in permeability for FITC-dextran only in the presence of thylakoids at 1·2 mg chl/ml (P, 0·05). (c) P app (% of baseline) for the protein marker ovalbumin (45 000 Da). Incubation with non-treated thylakoids resulted in a significant reduction in permeability for all concentrations except the lowest (P, 0·01) compared with control (0 mg chl/ml). Incubation with trypsin-treated thylakoids did not result in any significant reduction in permeability. Comparison of the effects of nontreated thylakoid membranes and trypsin-treated thylakoids on the permeability for ovalbumin resulted in no significant difference.
chlorophyll (24, 25) , account for about 70 % of the thylakoid mass. The membrane lipids, galactolipids, phospholipids and sulfolipids, account for the majority of the remaining 30 % of the thylakoid mass (26) . The thylakoid membranes are negatively charged at neutral pH, with an isoelectric point of 4·7 (27) . Thylakoids expose both hydrophilic and hydrophobic surface groups and have also been found to adsorb onto the surface of oil droplets and form stable oil-in-water emulsions (4, 28) . Due to the large size of the thylakoid surface the number of exposed groups per thylakoid particle is large so that, even if the individual group interactions are weak, the sum of them will be large. Hence one would expect the surface properties of the thylakoid membrane to allow strong interaction with the intestinal surface.
Upon isolation the membrane network partly unfolds but still remains in a double membrane form. However, when bile salts (NaTDC) and oleic acid are added to the test solution, as done here, they are incorporated into the thylakoid membrane causing swelling into a single membrane form and unfolding, thereby increasing the exposed surface and net negative charge (16, 29) . The swelling and unfolding may allow the thylakoids to cover a larger surface of the intestine. Native thylakoids have an area of about 2 m 2 /mg chlorophyll (4, 15) , and the exposed area may increase significantly upon the unfolding caused by bile salts and fatty acids. It thus appears that this thylakoid network is responsible for the decreased passage through the intestinal wall.
Important to note is that the fraction of thylakoid membranes attached to the mucous layer is about 0·22 % of the amount of thylakoid membranes added (2·9 mg chl/ml), which means that the overall nutritional status of the intestine is not negatively affected by thylakoid membranes, even after supplementation of a relatively high concentration of thylakoid membranes.
In the in vitro model used, thylakoid membranes were exposed directly to the small intestine. However, if supplemented in vivo, thylakoid membranes are exposed to various digestion enzymes and acids secreted from the gastrointestinal tract. In a recent study it was shown that thylakoids, when treated with gastric and pancreatic enzymes at 378C, kept their membrane vesicular form for at least 2 h (16) .
Trypsin treatment together with NaTDC caused swelling of the thylakoids, leading to a larger exposed surface (16) , and this may be the explanation for the increased capacity of trypsintreated thylakoids for decreasing the permeability (Fig. 3) .
No thylakoid membranes had migrated through the intestinal wall during the incubation in Ussing chambers, an expected result since isolated thylakoid membranes have a size in the range of 1 -5 mm.
Thylakoid membranes have an affinity (P,0·001) for all three marker molecules (Fig. 6 ). Methyl-glucose and FITCdextran expose small hydrophobic groups which may bind to the thylakoids. Ovalbumin, being a protein, has charged hydrophilic and hydrophobic groups and might also bind to thylakoids. These results may also be explained by the trapping of some of the marker molecules in the thylakoid membrane network in the pellet after centrifugation. However, the main point is that the main fraction of the marker molecules was still present in the test solution. It is therefore concluded that the main reason for the decreased passage through the intestinal wall, as examined in the Ussing chambers, is attachment of the thylakoid membranes to the mucosa.
Uptake of glucose occurs through the brush-border membrane of the intestinal epithelial cells, both by active transport and diffusion, where the active uptake is driven by the Na þ -K þ -ATPase pump, mainly via the sodium-glucose-linked Fig. 4 . Photograph of both sides of rat intestine after 120 min incubation with thylakoids (2·9 mg chlorophyll/ml) in an Ussing chamber. The green surface is the mucosal side exposed to thylakoid membranes during the incubation. The pink surface is the serosal side, not exposed to thylakoids. transporter-1. The present study showed that the uptake of methyl-glucose was significantly reduced in the presence of thylakoid membranes at 5·8 mg chl/ml in vitro (Fig. 1) . Earlier studies (18, 30) , using the same model system, have shown a similar glucose uptake, approximately 4 % at time point 120 min, as presented for the control samples in the present study. This excludes that the transit of the examined marker molecules occur through leakage of the intestinal wall, i.e. the physiological integrity of the intestinal segments mounted in the Ussing chambers is maintained. This has also been demonstrated by several electron micrographs of the mounted intestine (results not shown). A controlled glucose absorption could help to improve levels of blood glucose, a desirable effect for the treatment of hyperglycaemia. Thylakoid membranes will therefore be further investigated both in vitro and in vivo to establish such an effect. Thylakoid membranes also decreased the permeability of the macromolecular molecules FITC-dextran and ovalbumin in vitro. In Fig. 3(c) , a sudden increase in the permeability of ovalbumin was seen in the presence of the highest concentration of thylakoid membranes. The increase is though not significantly (P. 0·05) different from the permeability in the presence of the second highest concentration of thylakoid membranes. Since the intestinal mucosa has a fundamental role in sustaining a barrier against translocations of pathogenic bacteria, intact proteins and other noxious substances, a decreased permeability of the intestinal wall is desirable, especially in conditions with impaired barrier function (31, 32) .
A reinforced intestinal barrier may result in the avoidance of severe implications such as allergies, inflammatory bowel disease, irritable bowel syndrome and Crohn's disease. The present results indicate that thylakoid membranes notably improve the barrier function of the intestine in vitro by decreasing the macromolecular permeability, and thereby may constitute a protection against harmful translocations, a phenomenon that will be further investigated. If the attachment of thylakoids to the intestinal mucosa also takes place in vivo it would also affect the uptake of other food constituents. However, since the thylakoids are food themselves they will eventually be digested and their barrier function will only work temporarily in slowing down the uptake of food constituents.
Carotenoids, also present in thylakoid membranes, and retinol have previously been proposed to be important factors to enhance the intestinal barrier following stressful conditions, as demonstrated both in vivo in vitamin A-deficient children (33) , and in vitro by the use of Caco 2-cell lines (34) . The underlying mechanism to these observations is though not known. In the present in vitro study, the carotenoids are strongly bound to the thylakoids and it is not likely that they play a role in retarding the uptake of the marker molecules. However, they may have a barrier function in vivo after digestion of the thylakoids and release of the carotenoids.
In summary, we have demonstrated that chloroplast thylakoid membranes decrease the uptake of methyl-glucose through the intestinal wall in vitro. In addition, macromolecular permeability was decreased in our model in the presence of thylakoid membranes. This indicates that thylakoid membranes might be useful both to control intestinal absorption of glucose, and to enhance the barrier function of the intestine, thus preventing leakage, especially during stressful intestinal conditions such as various bowel and intestinal diseases.
